Adenoid cystic carcinoma (ACC) is one of the most common malignant tumors of salivary glands, but little is known of the molecular changes involved in its pathogenesis. Cytogenetic, comparative genomic hybridization (CGH) and loss of heterozygosity (LOH) analyses have shown that one of the most frequent genetic changes (deletions and rearrangements) occur on chromosome 6, with other chromosomal changes (such as on 9 and 17) reported less commonly. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In a previous CGH analysis of 24 tumors, we found a previously unreported loss at the 12q12-q13 region. 12 We confirmed our CGH findings by conducting a limited LOH analysis in 29 ACC samples using three chromosome 12 microsatellite markers (D12S391, D12S1301 and D12S1064) to show overall loss on chromosome 12 was similar to that found by CGH analysis. Additional support for involvement of 12q12-q13 in ACC came from a study showing karyotypic changes affecting 12q12-q13 in three cases of tumor. 13 To further refine the map of chromosome 12 deletion in ACC, in this study we allelotyped 58 ACC and matched normal samples in a more extensive LOH analysis using a panel of 28 microsatellite markers. The results of the deletion mapping are correlated with microarray gene expression profiling data from primary samples of ACC. Areas of frequent genetic deletion in tumors are associated with inactivation of tumor suppressor genes, that may also be inactivated by transcriptional silencing. This combination of genetic deletion mapping and positional transcriptional mapping has identified candidate tumor suppressor genes in ACC.
Materials and methods

Tumor and Normal Samples for Deletion Analysis
The Institutional Review Board of the University of Virginia Health System provided approval for this study. In addition to the 29 ACC samples used in the previous CGH study, 12 we tested a further 29 formalin-fixed, paraffin-embedded cases of ACC collected from the files of the Division of Surgical Pathology at the University of Virginia Health System, which included cases resected at the University of Virginia as well as material representing cases sent in consultation from other institutions. As shown in Table 1 , tumors were graded as lesions with no solid component (grade I), o30% solid areas (grade II) and 430% solid component (grade III). 14 Table 1 also shows the pathologic staging, based on the AJCC Cancer Staging Manual criteria (fifth edition). Patient follow-up data from the McIntire Tumor Registry at the University of Virginia Health System was available for 32 patients. All 58 ACC were microdissected to 75-95% purity and DNA was extracted from tissues as previously published. 15 
Cell Culture
The ACC3 cell system was established from an ACC of the parotid gland of a 49-year-old man as previously described, [16] [17] [18] and is the most widely distributed cell culture model of ACC. ACC3 cells were kindly provided by Dr Takashi Saku of Niigata University School of Dentistry, Japan and were cultured in RPMI-1640 medium (Life Technologies cat# 10370-021) containing 15% (v/v) fetal calf serum, 1% glutamine, 1% amphotericin B, 1% streptomycin and 1% penicillin and incubated in a humidified 5% CO 2 /95% air atmosphere at 371C. This cell line has been shown to have a gene expression profile similar to that of primary ACC in microarray experiments, 19 has basement membrane synthesis function similar to primary ACC 16, 18, 20, 21 and when grown as a xenograft tumor in immunodeficient mice, have a histologic appearance consistent with a grade III ACC. 16 DNA from confluent ACC3 cells was extracted similarly to the tissue samples, with the addition of phenol/chloroform extraction and ethanol precipitation.
Microsatellite Loss of Heterozygosity (LOH) Assays
MapPairst primers for the 28 microsatellite markers shown in Figure 1 were obtained from Research Genetics (Huntsville, AL, USA). Radiolabeled PCR amplification, gel electrophoresis, autoradiography of microsatellite markers and LOH determination were performed as previously described. 15 A tumor was determined to have undergone LOH, be informative or noninformative at a particular locus using the same criteria as that described previously. 12 All losses were confirmed in an independent PCR assay.
Calculations were performed in a spreadsheet computer program (Excel 98, Microsoft Co.) to determine LOH rate and averages for marker heterozygosity, frequency of allelic loss (FAL) index, LOH size and number of LOH hotspots. 22 For this study, the FAL index on chromosome 12 was determined according to criteria of Vogelstein et al, 23 that defined the extent of allele loss as the ratio of the number of LOH events in a sample to the total informative (heterozygous) markers in the corresponding normal DNA. Similarly, the number of informative markers in normal DNA determined marker heterozygosity. The number of contiguous markers showing LOH (including noninformative markers flanking LOH regions) determined the size of allelic loss. 22 The rate of allelic loss was determined from the amount of LOH per informative case. The LOH rate was determined by dividing the number of contiguous markers showing LOH (including noninformative markers flanking LOH regions) by the heterozygosity of the various markers displayed in the ACC samples. LOH rates o30% are mostly due to random or semirandom genetic changes and those 435% likely result from nonrandom genetic deletions. 22 Microsatellite Homozygosity Mapping of Deletion (HOMOD) Analysis DNA extracted from the ACC3 cell line was analyzed with the same panel of 28 microsatellite markers shown in Figure 1 using a similar radiolabeled PCR amplification and gel electrophoresis assay to the LOH analysis. DNA samples extracted from non-neoplastic tissue samples were used as positive controls. Autoradiography of microsatellite markers and determination of homozygosity was performed similar to the LOH assay. All assays were independently scored by at least two individuals (SR and CAM). We determined homozygosity of microsatellite markers when heterozygosity was not identified in the DNA of the ACC3 cell line. Homozygosity of five consecutive markers with a heterozygosity of at least 0.75 was statistically considered to show a region of chromosomal deletion. 24 Deletions in the cell line were deduced on the basis of marker heterozygosity values that any set of adjacent homozygous genotypes would be observed in normal control DNAs.
Correlation with Gene Expression Profiles
Data are available from gene expression profiling of 15 primary ACC and five normal salivary glands on U95a Affymetrix GeneChipst as previously described. 19 Using the cytogenetic locations of 12q12, 12q13 and 12q24, the U95a probe sets that corresponded to genes in these areas were obtained from the UCSC Genome Browser Query function of the NETAFFXt Analysis Center. 25 For the 12q12-12q13 locus, there was data for 209 probe sets, for the 12q24 locus there were 139 probe sets. The data were filtered to remove probe sets in which the average relative fluorescence units (after scaling) was r0 for the normal salivary gland samples, and to remove samples in which the fold change in average fluorescence intensity between normal and cancer tissues was o2.
Tumor suppressor mapping in ACC S Rutherford et al Origin of tumor in major or minor salivary gland, with parotid, submandibular, sublingual and lacrimal glands considered as major salivary glands and smaller glands of the oropharynx, sinonasal cavities, trachea and larynx considered minor salivary glands.
Correlation with Survival and Clinicopathologic Parameters
Kaplan-Meier survival curves were generated using the statistical software package Prism 4.0 (GraphPad Software, Inc.). Survival curves were compared using the log rank test (equivalent to the Mantel-Haenszel test), with two-tailed P-values.
Standard errors were calculated by the method of Greenwood, with the 95% confidence interval computed as 1.96 times the s.e. in each direction. Correlation between 12q LOH and other clinicopathologic parameters was performed using the w 2 test for independence in the statistical software package Instat 3.0 (GraphPad Software, Inc.). Tumor suppressor mapping in ACC S Rutherford et al
Results
Microsatellite Loss of Heterozygosity Analysis (LOH)
In all, 28 microsatellite markers on chromosome 12 markers were selected for LOH and HOMOD analyses to further characterize the loss of chromosome 12 identified in our previous CGH and LOH study. The markers have an average separation of 4.64 Mb 26 and an average heterozygosity of 0.78 ( Figure 1) . Results from LOH analysis identified overall loss of 66% (Figure 2 ) on chromosome 12 with the greatest loss occurring at the D12S1713 marker (LOH rate ¼ 83%) (Figures 1 and 2) . The D12S1713 marker (LOH rate ¼ 83%) located at the chromosome 12q13.11 cytogenetic location also defines one end of a 6.84 Mb region of deletion extending distally to the D12S398 marker (LOH rate ¼ 46%) (Figure 1 ) located at 12q13.13. 26 The loss identified between the D12S1713 and D12S398 markers also includes the marker D12S2196 (LOH rate ¼ 39%) (Figure 1 ) located at 12q13.11. 26 Hence, a 6.84 Mb region of deletion is located within the chromosome 12q13.11-q13.13 cytogenetic location (Figures 1 and 2 ). 26 Further analysis of the 58 matched ACC and normal samples also identified other localized chromosome 12q regions of deletion. A 4.5 Mb region defined by the markers D12S2078 (LOH rate ¼ 39%) and D12S1628 (LOH rate ¼ 40%) located within 12q24.32-q24.33 26 shows a significant amount of loss (Figures 1 and 2 ). The markers, D12S1056 (LOH rate ¼ 43%) located at 12q14.1, D12S1051 (LOH rate ¼ 37%) located at 12q23.1 and D12S1636 (LOH rate ¼ 36%) located at 12q23.3 26 also define smaller isolated regions of deletion (Figures 1 and 2) . Although not reaching the LOH significance threshold of 35%, the D12S1066 marker (LOH rate ¼ 32%) located at 12p12.1 26 may also indicate a region of deletion involved in the pathogenesis of a subset of ACC.
Database Analysis of Genes in Consensus Deletion Areas
In an in silico strategy to identify candidate genes, a search of LocusLink 27 at the National Center for Biotechnology information for loci with the annotated term 'tumor suppressor' yielded 372 loci for the human genome. Of these, five loci coincided with the consensus deletion loci identified in the LOH analysis of ACC (ANP32D, HCCR1, SP1, DUSP6 and PRDM4). Review of the annotations and scientific literature showed that only one of these candidate genes has the functional or biochemical attributes of a tumor suppressor gene: DUSP6 (dual specificity phosphatase 6/MAP kinase phosphatase 3) at 12q22-q23, a negative regulator of the MAP kinase signal transduction pathway.
Microsatellite Homozygosity Mapping of Deletion (HOMOD)
Results from HOMOD analysis in the ACC3 cell line shows a maximum of two contiguous homozygous Tumor suppressor mapping in ACC S Rutherford et al markers in two regions, one defined by the markers, D12S77 and D12S1066 located within the chromosome 12p13.2-p12.1 region and the other defined by the D12S1636 and D12S105 markers located within the chromosome 12q23.3-q24.11 cytogenetic location ( Figure 1 ). 26 As previously published, 24 regions of loss are defined by the presence of an extended region of homozygosity for five or more adjacent markers which would have a statistical probability of r0.001. The two extended regions of homozygosity in the present study were observed for two adjacent markers on chromosome 12 (Figure 1 
Correlation of Chromosome Deletion and Gene Expression Profiling Data
Data obtained from gene expression profiling of 15 ACC and five normal salivary glands on Affymetrix U95a GeneChipst were obtained. 19 209 probe sets corresponded to the 12q12-q13 locus and 139 probe sets to the 12q24 locus. After filtering for genes that were not significantly expressed in normal salivary gland tissue, 164 and 107 probe sets remained in these loci, respectively. After filtering for genes whose relative expression decreased less than twofold between benign and malignant tissue samples, 29 probe sets, corresponding to 29 unique genes whose expression is significantly decreased in ACC, remained in the 12q12-q13 locus (Table 2 ). In all, 22 probe sets, corresponded to 17 unique genes, whose expression is significantly decreased in ACC, remained in the 12q24 locus (Table 3) .
Although no chromosome 12 deletions were identified in the ACC3 cell line, the gene expression levels of the candidate tumor suppressor genes identified from the analysis of primary tumors showed markedly similar patterns in this cell line. In the 12q12-q13 consensus area, the following genes showed levels similar or lower than the primary tumors: ACVRL1, AQP5, KRT7, SILV, VDR, DDIT3, ERBB3, MGC11308, ACVR1B, RND1, RAPGEF3, HEM1, DHH, MLL2, SOAT2, RBMS2, KRTHB5, FAIM2, NR4A1, MAP3K12. In the 12q24 consensus area, the following genes showed levels À6 in unpaired t-test). In the ACC3 cell line, DUSP6 expression is even lower, with a relative fluorescence unit of 84.
Correlation of 12q LOH with Survival and Clinicopathologic Data
To determine if chromosomal deletion of 12q correlated with patient survival, Kaplan-Meier survival curves were plotted for the parameters of clinical stage, histologic grade and each of the consensus areas of 12q LOH. When histologic grade was compared, patients with the highest grade cancer (grade III) had significantly worse survival than patients with grade I and II cancers (P ¼ 0.0008, Figure 3a ). When presenting clinical stage was compared, patients with Stage 1 cancers appeared to have a survival benefit compared to all other clinical stages (Figure 3b ), but these results did not reach statistical significance. (P ¼ 0.183). The results from our cohort are in good agreement with previous literature regarding the effect of histologic grade on prognosis, 14, 28, 29 although our data did not show as strong a trend for the effects of clinical stage as previously reported. When the cases with chromosome 12q loss were compared against each other and against cases with no detectable 12q LOH, there was no significant difference between groups in longterm survival (4100 months), although this analysis was complicated with the shorter average follow-up time in the group that did not contain deletions (Figure 3c ). One deletion area (12q14.1) was associated with increased survival over the rest of the cohort at shorter time intervals. No significant correlation was found between any of the consensus deletion areas and the clinicopathologic parameters of histologic grade and clinical stage.
Discussion
Previously, we used 24 ACC samples in a CGH and a LOH assay to allelotype 29 ACC samples with the three chromosome 12 microsatellite markers, D12S391, D12S1301 and D12S1064. 12 Results from our previous investigation shows a high level of loss on the p arm of chromosome 12 and the deletion at 12q12-q13 may include a locus telomeric to D12S1301. Results from the current more extensive LOH investigation of chromosome 12 shows 66% overall loss with most of the loss occurring at the seven chromosome 12q markers, D12S1713, D12S2196, D12S398, D12S1056, D12S1051, D12S1636, D12S2078 and D12S1628 (Figures 1  and 2 ). Three of these markers, D12S1713, D12S2196 and D12S398 are contiguous and define a 6.84 Mb region of deletion at the chromosome 12q13.11-13.13 cytogenetic location. Hence, these results are consistent with that found in the previous CGH and LOH study showing 12q12-q13 loss. HOMOD analysis of the ACC3 cell line did not detect an area of homozygosity that achieved the Tumor suppressor mapping in ACC S Rutherford et al statistical significance predictive of genetic deletion. The marker density we employed does not however rule out the possibility that this cell line has 'microdeletions' of less than 4 Mb in size.
Results from the present study also show a 4.5 Mb region of deletion at the 12q24.32-q24.33 defined by the two markers, D12S2078 and D12S1628 ( Figures  1 and 2 ) as well as regions of deletion at 12q14.1 (D12S1056), 12q23.1 (D12S1051) and at 12q23.3 (D12S1636). These regions are less than 5 Mb in size and may be too small for CGH detection. A review of the literature suggests these chromosome 12 losses are rare except in ACC, suggesting a cell-typespecific tumor suppressor effect.
There are several possible mechanisms of tumor suppression. The classic mechanisms entail either homozygous deletion or the combination of deletion of one allele and an inactivating gene mutation in the other allele. A third mechanism entails the deletion of one allele and the loss of gene expression of the remaining allele by promoter silencing. We did not detect an event in our microsatellite PCR analysis suggestive of a homozygous deletion (reproducible lack of amplification of all tumor alleles), leaving the latter two possibilities. Although our LOH analysis confirms and extends our previous CGH analysis, the consensus areas of deletion overlap remain substantially large, precluding a 'gene by gene' search for tumor-specific mutations.
In a search of genes with tumor suppressor activity annotation, the MAP kinase phosphatase DUSP6 (MKP3/PYST1) was identified in the 12q23.3 deletion locus. Downregulation of DUSP6 protein levels has been shown to occur in invasive pancreatic cancer, and re-expression of DUSP6 in a pancreatic cell line model correlates with reduction of phosphorylated MAP kinase levels and a reduction in cell proliferation. 30 In searching for candidate tumor suppressor genes potentially inactivated by a combination of genetic deletion and promoter silencing, we combined the data from our current LOH analysis with microarray gene expression analysis of ACC. A number of genes within 12q12-q13 and 12q24 regions were found to have significantly downregulated expression. These include regulatory genes such as Homeobox C5 (HOXC5) and Activin A Receptor Type II-like I (ACVRL1), and genes more likely to be related to cellular differentiation phenotypes such as Aquaporin 5 (AQP5) and Keratin 7 (KRT7). HOXC5, is a member of the homeobox transcription factors that play an important role in morphogenesis. Interestingly, previous studies of prostate 31 and cervical cancer 32 have implicated upregulation of HOXC5 in tumor progression. Our results suggest a different role for HOXC5 in tumor progression of epithelial malignancies in salivary gland tissues. ACVRL1 is a type I cell-surface receptor for the TGF-beta super- Tumor suppressor mapping in ACC S Rutherford et al family of ligands, which has growth-stimulating effects on mesenchymal cells and several tumor cell lines. 33 The potential loss of such activity makes this gene a strong candidate for further invesigation as a tumor suppressor in ACC. AQP5 is a water channel protein expressed in submandibular, parotid, sublingual salivary and lacrimal glands. 34 While the loss of AQP5 in ACC is most likely to represent the loss of a highly differentiated epithelial phenotype during malignant transformation, a recent finding in colon cancer suggests that some ion-regulatory mechanisms may play an etiologic role in molecular tumor progression, 35 hence a mechanistic role for AQP5 in ACC cannot be excluded out of hand. Although downregulated, KRT7 continues to be expressed in ACC, 36 and can be used as part of an immunohistochemical profile to distinguish between ACC and carcinomas of other origins.
The four genes of particular interest within 12q24 are the transcription factor 1 (TCF-1), zinc-finger protein 10 (ZNF10/KOX1), 2 0 ,5 0 -oligoadenylate synthetase 1 (OAS1) and the purinergic receptor P2X (P2RX4), all of which have a 6.8-fold or more reduction in ACC3 expression suggesting there is strong downregulation for these genes in ACC. Previous studies show inactivation of the TCF-1 gene is an important genetic event in the occurrence of human liver adenomas and an early step in the development of some hepatocellular carcinomas, with biallelic mutational inactivation. 37 The zincfinger protein 10 has been shown to function as a transcriptional repressor 38 while 2 0 ,5 0 -oligoadenylate synthetase 1 has been implicated in the control of cell growth, differentiation and apoptosis. 39 Through Ca 2 þ regulation and other mechanisms, the purinergic receptor appears to regulate salivary cell volume, ion and protein secretion, and increases permeability to small molecules that may be involved in cytotoxicity. 40 Although no chromosome 12 deletion was detected in the ACC3 cell line using this analysis, the gene expression profiling data for the candidate tumor suppressor genes identified from primary tumors is remarkably similar in this cell line, with the majority of the identified genes showing expression levels at the same or lower magnitude as the primary tumors. These results suggest that this cell line may be used as an appropriate model system to test the effects of these genes on aspects of ACC biology in an experimental setting.
The deletions on chromosome 12 do not appear to be markers of clinical aggressivity in adenoid cystic carcinoma. This is in contrast to reports in the literature of genetic deletions on chromosome 6, which are correlated with higher clinical stage, higher histologic grade, and poorer clinical outcome. 3 If these deletions in chromosome 12 do indeed target a specific gene, it may be that the biochemical or regulatory pathway being disrupted is also disrupted in the nondeleted carcinomas by other mechanisms, or that the contribution of these alterations to the biology of ACC are not necessarily reflected in the typical clinical course of the disease.
In conclusion, our finding of a high incidence of chromosome 12 deletion in ACC suggests that these structural genomic changes are consistent with the presence of a tumor suppressor gene (or genes) on this chromosome involved in the pathogenesis of this tumor type. This argument is strengthened by the fact that ACC in general do not show the marked degree of genomic instability found in other carcinoma types, hence the chromosome 12 alterations are less likely to be nonspecific changes associated with the neoplastic phenotype. While the LOH analysis revealed the presence of relatively large and nonoverlapping consensus areas of deletion, the combination of deletion mapping and transcript microarray analysis has yielded some attractive candidate genes for further functional analysis.
